Abstract-This paper examines the use of measurements of the total radiated power from an arbitrary source, combined with theory-based estimates of directivity or quality factor, to accurately predict the maximum electric field radiated by the source either at a line-of-sight distance or in a resonant volume. The approach using total radiated power avoids source rotations during testing and is an efficient alternative to current emission test methods. Examples of simulated (random source set) and measured (box with holes) planar-cut radiation-patterns for electrically large sources are presented. Both simulated and measured data agree well with theoretical estimates.
I. INTRODUCTION
A BASIC electromagnetic compatibility (EMC) measurement problem is to determine the radiation characteristics of an unintentional source. The standard method [1] , [2] is to measure the electric field radiated by the source over a well-defined ground screen, either an open area test site (OATS) or a semi-anechoic chamber (SAC). The test seeks to determine the maximum electric field at a selected set of frequencies in the range of 30-1000 MHz. At each measurement frequency, this test requires that the source be rotated (along with cables) to maximize the received field and that the receive antenna be vertically scanned to reduce destructive interference from the ground screen reflection. To find a "true" maximum, the source should be fully rotated at each receive antenna height position and the cables should be fully rearranged at each rotation position. In addition, the source rotations typically check only the horizontal plane (rotation about the vertical axis). The source may be reoriented to effectively check other planes. However, this is not always done in practice and may not be possible for gravity-sensitive devices. Even with the automated help provided by turntables and motorized masts, the effort required to check all possible source configurations is prohibitive. Thus, some reduced-configuration sample set is usually tested under the expectation that the maximum found from this reduced set is very close to the "true" maximum that would result from a full spherical scan.
This difficulty is well recognized, and a number of methods have been proposed to reduce the source-characterization effort. Fully anechoic chambers (FACs) [3] eliminate the need for verManuscript received May 14, 2001 ; revised October 1, 2001 . The authors are with the National Institute of Standards and Technology (NIST), Boulder, CO 80305 USA.
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tical scanning of the receive antenna. Transverse electromagnetic (TEM) cells can be used to determine the complex dipole moments (electric and magnetic) of an electrically small source using a 6-orientation procedure, or the source's total radiated power using a 3-orientation procedure [4] . The dipole moments can then be used to simulate the fields radiated by the source either in free-space or over a ground screen [5] . These methods still involve source rotations, however.
To avoid the rotation problem, Kanda et al. at the National Institute of Standards and Technology (NIST) proposed a rotationless method for determining the radiation characteristics of electrically small sources [6] , [7] . The method makes use of loops with identical loads at two diametrically opposite points, in the manner used in Kanda's development of simultaneous electric-and magnetic-field sensors [8] . Rather than utilizing small loops to probe the field at a point, the loops are made large so that the source may be enclosed inside the loops. Use of three orthogonal loops allows the dipole moments and total radiated power of the source to be determined without source rotations.
Kanda's three-loop method assumes that the source is electrically small and thus has an upper frequency bound. This paper considers a complementary rotationless method applicable to electrically large sources, and thus has a lower frequency limit. We propose the use of a reverberation chamber to determine the total radiated power from the unknown source at higher frequencies. The maximum directivity of the source, assumed to be an unintentional radiator, can be estimated based on the electrical size of the source. The total radiated power and directivity of the source can then be used to predict the maximum radiated field. The three-loop method at lower frequencies together with the reverberation-chamber method at higher frequencies form an efficient approach to characterize the free-space radiation of unintentional sources over a very wide range of frequencies.
A related problem, also discussed briefly here, is the coupling of an electromagnetic interference (EMI) source to its environment. While standardized tests, such as the OATS, FAC, and SAC, seek to simulate an ideal free-or half-space, real environments are often complex. EMI sources located in environments such as office rooms, factory floors, aircraft hulls, etc., produce field distributions and field levels different from than those measured at a standard site. Total radiated power can be combined with quality factor estimates of the source environment to predict the maximum field due to the source in resonant environments. In summary, measurements of total radiated power combined with directivity estimates in nonresonant locations and estimates in resonant locations can be used to predict the maximum radiated field from an unintentional (EMI) source over a U. S. Government work not protected by U. S. copyright.
wide range of frequencies and environments. A similar rotationless approach may be applied to immunity measurements based the same directivity estimates [9] . This paper is organized as follows. Section II discusses how directivity and values can be used to estimate the maximum electric field from a source. Section III briefly covers measurements of total radiated power both with a three-loop configuration (low-frequency approach) and in a reverberation chamber (high-frequency approach). Section IV gives an estimate for the directivity of an unintentional radiator based on its electrical size. Section V gives estimates for the of an arbitrary volume. Section VI briefly discusses how the geometry and reflections in a volume can be used to determine whether that volume is low-(direct path coupling is maximal) or high-(resonant coupling maximal). Section VII gives simulations of an arbitrary equipment under test (EUT) based on a random set of simple sources. A Monte Carlo simulation of numerous random EUTs shows how the directivity statistics converge to the theoretical estimates. Section VIII gives measured data for a pseudo-arbitrary EUT and compares these to the theoretical estimates of Section IV and the simulation model of Section VII. Section IX gives some concluding remarks.
II. MAXIMUM ELECTRIC FIELD ESTIMATES
EMC tests of radiated emissions tests seek to determine the maximum field radiated by the source, or EUT. If the total radiated power (total implies over all spatial directions for a defined bandwidth) and the maximum directivity of an EUT are known, then the maximum electric field over a sphere of radius in free-space is given by (1) where is the intrinsic wave impedance of freespace and time averaged values are implied. If can be estimated and is known (via measurement), then the maximum field can be estimated.
Equation (1) estimates the free-space direct path coupling. If the EUT is located in a high-volume, then the maximum field may depend more on room resonances and source location, rather than on line-of-sight coupling [10] . Examples would be a personal computer located in a highly metallic office space or electronics located in the hull of an aircraft or seacraft. A better check of emissions in high-environments would be to determine the maximum expected field as a function of the cavity . One can show [11] that the average field in a cavity is related to and via (2) where is the wavelength and is the cavity volume. Assuming that the real and imaginary parts of the electric-field rectangular components are independent and normally distributed, each with zero mean and equal variance, then the probability density function of the electric field magnitude is a chi function with six degrees of freedom [11] . Based on this model [12] (also see Appendix A), the expected value of the maximum received power as a function of the number of points measured in the cavity is related to the average received power in the cavity by (3) where is assumed to be large . The same factor modifies the field density yielding (4) This result (4) has no upper bound as the sample size is increased. This follows from the assumptions that the field components are described by unbounded normal distributions and that they are uncorrelated at all points. Nearby points will be correlated;
is a good estimate of the correlation length [11] . If the cavity volume is partitioned into -sized cells and we assign one measurement point per cell, the resulting gives a useful upper bound. Inserting this into (5) yields (5) Equations (1) and (5) allow the maximum electric field to be estimated based on the source location. In low-environments (e.g., large lossy volumes, residential locations), emission levels can be set using directivity estimates. In high-environments (e.g., small reflecting volumes, commercial locations, aircraft hulls, shipboard), levels can be set using estimates. Section VI discusses how to determine whether an environment is low-or high-. In both cases, only the total power radiated by the EUT needs to be measured.
III. TOTAL RADIATED POWER MEASUREMENTS
The total radiated power over the measurement bandwidth may be efficiently determined using the three-loop method at lower frequencies and the reverberation chamber at higher frequencies. Kanda's three-loop method is detailed in [6] and [7] . The EUT is centered inside the loops and the electric and magnetic dipoles determined by forming the sum (related to ) and differences (related to ) of the currents at the loads. The three orthogonal loops give the three orthogonal components of the dipole moments. The total radiated power is then given by (6) The reverberation chamber method requires that the chamber be first calibrated by measuring the power received from a known source of radiation over a sufficient number of paddle positions in order to determine a reliable average. The EUT is then substituted for the calibration source and the received power measured over the same set of paddle positions. The total radiated power determined via [11] is then (7) where denotes average. The reverberation chamber method works well as long as the mode density in the chamber is suf-ficiently high to yield meaningful statistics. This requirement determines a lower frequency limit.
IV. DIRECTIVITY ESTIMATES
The maximum directivity for an emitter enclosed in a sphere of radius can be derived from spherical wave theory [13] , [14] (8)
While is a good upper bound for intentional emitters, such as high gain antennas, it is likely to overestimate directivity for the unintentional emitters of interest in EMC measurements. A better estimate for EMC purposes can be derived by assuming that the spherical mode coefficients are independent random variables [14] . Details of the derivation are given in Appendix A. The expected value for , using this assumption, is (9) (9) For , this expression simplifies to (10) These results apply to the maximum directivity as determined over the whole sphere. A similar result may be derived for the received power measured over a planar cut [14] . Again, assuming that the spherical mode coefficients are independent random variables, the expected value of the maximum received power to the mean received power over the planar cut can be estimated as (11) Although (11) does not estimate maximum directivity, as needed in Section II, (11) can be readily compared to measured and simulated planar cut data, as is done in Sections VII and VIII. Good agreement in the simpler case of the planar cut validates the use of (9) and (10) to estimate maximum directivity.
V. QUALITY FACTOR ESTIMATES
Several estimates for the of rooms may be used [10] , [11] , [15] . For a room of volume and surface area may be estimated using (12) where is the average of the surface absorption coefficient over the incidence angles for the TE and TM polarizations and is given by (13) In (13), and are, respectively, the reflection coefficients of the transverse magnetic and electric polarizations. For a room with highly conducting walls such that , where and are the wall conductivity and permittivity, we can show (e.g., [16] ) that this estimate reduces to (14) where is the relative permeability of the wall and are, respectively, the free-space and the wall permeability, and is the skin depth . These expressions account only for wall losses. Additional loss mechanisms such as EUT loading, aperture leakage, and load dissipation of the receive antenna can also be accounted for [11] .
VI. DIRECT OR RESONANT COUPLING
An EUT may be located in a low-, or open, environment where direct path coupling or simple reflective paths are dominant. Or it may be located in a high-, or closed, environment where chamber resonances are dominant. In deciding which environment is appropriate, we need to consider the reflective properties of the space containing the EUT. One method used to determine whether volumes are direct-path dominant or resonant dominant is to examine the power decay in a volume, when excited by a pulsed source. Reverberation develops in a volume [10] after four to five characteristic room times , where (15) and is the speed of light. Fixing the reverberation transition time as , we can define a environment as nonresonant if average field level after is significantly smaller (by at least three orders of magnitude) than the free-space (line-of-sight) field level. If not, assume it to be a reverberant environment. This definition is not precise but should provide guidance. The power decay in an environment may be measured or it may be estimated [10] if the reflective properties on the enclosure are approximately known.
The above approach is illustrated in Fig. 1 which shows how the power of a pulsed source decays in a room ( m ) for three different wall surface absorption coefficients:
(a highly conductive surface), (representative of a concrete construction or cinder block), and (representative of dry wall construction). The surface absorption coefficient is related to the average power reflection coefficient [10] . The vertical line is this figure corresponds to the transition time defined above. When the reflections from the surfaces are large ( and ), the field strength in the room remains relatively high and the environment can be considered to be resonant. When the reflections from the surfaces are small ( and ), the field strength decays quickly (reduced more than three orders of magnitude) and the environment can be considered to be nonresonant.
VII. SIMULATED DIRECTIVITY
A simple model of an arbitrary EUT can be used to generate directivity data for comparison to the above theoretical es- timates. We assume a set of isotropic point sources randomly distributed about the surface of a sphere (coordinates ) of radius . Each source has random magnitude and phase . All variables are uniformly distributed over their respective ranges (16) The far-field received power from this source set [17] is proportional to (17) where identifies the location of the th source and . This model loosely simulates an enclosure with various electrically small surface sources, due to apertures, seams, connectors, etc. Real EUT sources will have some directivity (e.g., dipole-like) and the pattern will be affected by the EUT housing. However, this simple model should demonstrate the basic directivity characteristics of a set of simple sources.
As an example, consider the following case. Assume an EUT diameter of 50 cm ( cm), a set of five sources, and an upper frequency limit of 5 GHz . The above expression can be used to simulate the results from a planar cut (1 angular steps) for comparison to the estimate given by (11) . The results for a single simulation run are shown in Figs. 2-5. Fig. 2 shows the radiation pattern at the upper-frequency end over a planar cut. Note that the pattern shows multiple narrow lobes. Fig. 3 shows the theoretical (11) and simulated ratio of the maximum-to-mean received power, over the planar cut chosen. The simulated data have some values above the theoretical estimate, demonstrating the statistical variation about the expected value for maximum directivity. Fig. 4 shows the probability that , at an arbitrary point on the planar cut, exceeds either 50% or 90% of the received power maximum, . For , the probability that an arbitrarily chosen point gives a value within 90% of the maximum, is significantly less than 10%. This emphasizes that a few measurement points are unlikely to indicate maximum directivity well when the EUT is electrically large. Fig. 5 shows the angle at which the maximum received power occurs for the same planar cut. Note that this angle varies significantly. This figure indicates that it is insufficient to carefully determine the direction of maximum EUT radiation at one frequency and then use that position to determine the maximum for other frequencies. In principle, the EUT must be fully rotated at each frequency to determine the maximum radiated field.
We used the above parameters (five sources, cm, ) in a Monte Carlo simulation of 100 runs to determine an average value for that can be compared to the theoretical estimate (11) . The results are given in Fig. 6 , which shows that the theory gives a conservative upper bound on the average for the case of five sources. If we increase the number of sources to 50, then simulated maximum-to-mean received power more closely approaches the theoretical estimate, as shown in Fig. 7 .
VIII. MEASURED DIRECTIVITY: AN EXAMPLE
A simple EUT was constructed and its antenna pattern was measured over various planar cuts. The EUT consisted of a rectangular metallic box ( m ) with five 1.5-cm diameter holes randomly placed on each face, making a total of 30 holes. A horn antenna, driven by a signal generator connected via a coaxial cable to a connector on a face of the box, excited the box interior. Numerous planar cuts were measured from 2 GHz to 4 GHz in 40-MHz steps. Figs. 8 and 9 show representative planar cuts for the 30-hole EUT at 2 GHz and 4 GHz, respectively. As expected, the higher-frequency pattern has narrower lobes. The 30-hole EUT has an internal paddle to change the distribution of the aperture excitation. This allows us to generate statistics, as if different EUTs were being measured. Fig. 10 shows the average results similar to Figs. 6 and 7 for the maximum-to-mean received power based on 48 random pattern measurements. The measured data closely approach the theoretical estimate, similar to that shown in Fig. 7 where the source number was also high. We can simulate this EUT using 15 random sources (we assume that the metallic case mostly shields the backside apertures and that a single source per hole is realistic, although both electric and magnetic dipole moments could exist) and a sphere radius of 0.784 m (based on the EUT diagonal). Fig. 10 also shows the result for a Monte Carlo simulation of 48 runs based on these parameters. The simulation well mimics the characteristics of the measured data. 
IX. CONCLUSION
The good agreement between theory, measurement, and simulation validates the basic statistical approach used here. Thus, (9) and (10) can be used to estimate the maximum directivity of an arbitrary EUT based on its electrical size . If the EUT's total radiated power has been measured (e.g., in a Kanda-type, three-loop system or in a reverberation chamber), then (1) can be used to estimate the maximum electric field at a given distance and (5) can be used to estimate the maximum electric field in a resonant volume. A volume may be classified as resonant or nonresonant, based on the procedure outlined in Section VI. In this manner, the radiative characteristics of electrically large, unintentional EMI sources may efficiently determined. A continuing measurement program is underway at NIST to further verify these statements. In particular, a full spherical pattern measurement of the 30-hole box is underway. If the accuracy of this approach can be well established, then the method would form a good basis for future EMC standards at higher frequencies, where EUT pattern complexity makes present approaches either too time-consuming (too many measurement points) or inaccurate (maximum field not determined). In addition, the real application environment for the EUT, with either direct paths or resonances being dominant, could be considered when setting the pass/fail levels in emission standards.
APPENDIX A
The expected value for the maximum directivity of an unintentional emitter may be estimated by evaluating the far-field form of the spherical mode expansion of the emitter under the assumption that the expansion coefficients are independent random variables. We begin with the general form for the far-field pattern which may be found in various texts (e.g., [13, 
where the spherical coordinate system is defined in the usual manner, where is the radius of the minimum sphere enclosing the emitter (it is assumed the spherical coordinate system is centered in this sphere), are the wave coefficients, and are the far field (large argument) forms of the (dimensionless) power-normalized spherical wave functions [13] . This convention yields the simple expression (A2) for the total radiated power from the emitter. In general, the summation over goes to infinity; however, spherical wave functions with indexes are cut off and will not contribute in the far-field and thus the series can be truncated. The total number of modes for the truncated series is (A3)
The number of samples to determine the wave coefficients is twice since each coefficient has an independent real and imaginary part.
Directivity is the sum of the co-and cross-polarized terms [13] , [14] (A4) For unintentional emitters, the mean values of the co-and crosswill be equal and since the mean value of is unity, we have
Returning to (A1), the field components can be written
For an unintentional emitter we will assume that that the real and imaginary parts of are independent and Gaussian distributed with zero mean. Under this assumption the field components will be chi-square distributed with two degrees of freedom. The directivities and will be similarly distributed. In Appendix B, we show that the expected value for the maximum over samples of a chi-square with two degrees freedom distribution is (using as an example)
The summation can be approximated (e.g., [18, Eq. (0.131)]) and substituting the expected value of from (A5) yields
This is the result for given in (9) noting that and in (A3). For , (A7) yields . A physical interpretation of for is that the real and imaginary parts of six dipole moments (three electric and three magnetic) yield 12 independent radiators. This result is also very near the directivity of a single short dipole . Thus, using 1.55 for electrically small emitters in (9) results in a continuous function and should give good results.
The upper bound given in (8) is derived in [13, eq. (2.225) ]. Directivity is expressed as the ratio of the radiated power at a given angle and distance [using (A1)] to the total radiated power divided by the total solid angle [using (A2)]. An application of the Cauchy-Schwartz inequality yields a sum over the number of modes (A3) which is reduced by a factor of two due to polarization mismatch to the spherical modes. This yields (8) once is substituted for . The result for a planar cut is found in a similar manner. If we orient the coordinates so that the plane coincides with the cut, then we need only account for the -dependent modes. The number of complex coefficients to be determined is again twice this number, . The received power will again be chi-square distributed with two degrees of freedom. Thus, (A7) yields (A9) for . Taking the limit at as the approximation for electrically small emitters yields (11) . A similar result for both polarizations over three orthogonal cuts results if we take six times (three cuts times two polarizations) minus 24 (six intersection points times two polarizations times two for the real and imaginary parts), i.e.,
. The max to mean result (see [14, eq. (9) ]) follows from (A7).
APPENDIX B
Given a probability distribution with cumulative distribution , then the probability that the maximum of over samples will be less than is given by . Thus, the distribution of the max over samples, denoted here as is given by the derivative where we have applied a binomial summation result (e.g., [18, eq. (0.155-4)]).
